Transactions of the American Fisheries Society 123:911-928, 1993
© Copyright by the American Fisheries Society 1993

Properties of Catch Rates Used in Analysis of Angler Surveys

C. M. JoONES

Applied Marine Research Laboratory
Old Dominion University, Norjolk, Virginia 23529-0456, USA

D. S. RoBson
150 MacClaren Street, Penthouse 6. Ottawa, Ontario K2P 0L2, Canada

H. D. LAkKIs!

Applied Marine Research Laboratory ard Department of Mathematics and Statistics
Old Dominion University, Norrolk, Virginia 23529-0456, USA

J. KRESSEL?

Applied Murine Research Laboratory

Abstract.—On-site angler surveys commonly vield data on fish catch. fishing effort, and their
variances for a sample of anglers. The ratio of catch to effort. or catch rate, often is multiplied
by an independent estimate of total effort to calculate total catch (with its confidence interval)
throughout the fishery. The most frequently used measures of catch rate are the ratio-of-means
estimator (mean catch per angler divided by mean effort per angler) and the mean-of-ratios estimator
(mean angler’s catch rate). Bias and misleadinz confidence intervals are associated with use of
ratio estimators, and the best catch rate measure for estimating total catch has been uncertain. We
used statistical theory and simulation modeling to demonstrate that the most appropriate estimator
(least bias. truest confidence interval) depends on the method of sampling. The ratio-of-means
catch rate is better when anglers are sampled with equal probability at the completion of their
trips (as in access point surveys). The mean-of-ratios estimator should be used when anglers are
sampled. while still fishing, with probabilities proportional to trip length (as in roving surveys).
When either estimator is used. contidence intersals around total catch are strongly influenced by
skewness in the distribution of catch rates among anglers. At least 100 anglers or angler parties
must be interviewed to attain targeted two-tailed a-levels: even then. the two statistical rejection
arcas (ideally. o/2) difter between tails of the distribution. Our results clarify the appropriate use
of catch rate estimators with survey data. and they show the desirability of larger sample sizes

than are customarily used in angler surveys.

The estimation of total catch is amongst the most
important objectives in many angler surveys. Yet
a direct estimate of total catch is not possible in
recreational fisheries when the access to the wa-
terbody is from private property of where sites are
too numerous to survey (Malvestuto 1983: Hayne
1991: Robson 1991; Poliock et al. 1994). In.such
circumstances, total catch can only be estimated
from mean catch rate."which is a ratio estimate.
and an independent measure of total effort—com-
monly expressed as ¥ = R X X, where Y is total
catch. R is catch rate, and X is total effort.

The use of ratio estimates in recreational fish-
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eries, however necessary, presents several diffi-
culties (Thompson 1992; Pollock et al. 1994). Two
problems are of particular interest in estimating
catch. First, there are several ways to calculate
catch rate, and the literature reveals confusion
about the correct method of calculation. Second.
bias and incorrect confidence interval coverage are
inherent in the use of ratios. Both of these prob-
lems are exacerbated by the skewness often seen
in frequency plots of catch and catch rates.

The use of mean catch rate in estimating total
catch is actually more complex than first appears.
As Brown (1971) and Crone and Malvestuto
(1991) pointed out, there are several ways to cal-
culate mean catch rate. Two estimators used are
the mean of the ratios (which we call the ““per-
angler”™ estimator) and the ratio of the means
(which we call the “*per-day’” estimator). The per-
angler estimator is calculated as the average an-
gler’s catch rate, the per-day estimator by dividing
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Methods

We first provide formulae for catch rate parameters that are estimated, the commonly
used ratio estimators, and regression estimators (alternative forms of the ratio estimators
that show potential bias), and we give exact variance formulae for these estimators.
Second, we use these definitions to show how confidence intervals and their associated
t-values are calculated for the simulation model. Finally, we present the data and decision
rules used in the model.

Notations and Parameters

Leti=1,2,...,N x; = trip length of the ith angler or party in hours (fishing effort),
¥i = catch by the ith angler or party, n = number of anglers or parties interviewed, and
N = number of anglers or parties in the fishery ona given day. The following sample
statistics are used in derivations:

n
S
= ":1 = sample mean of angler or party effort;
n
Z Yi
¥ = =L = sample mean of angler or party catch;

sample variance of angler or party effort;

1

-
|
1l

s = sample variance of angler or party catch.

n—1
We define the ordinary population parameters that will be used in derivations of the
sampling property of estimators of catch rate as:

N

X = 2 X

total effort of all anglers or parties in the fishery on the day in question;

il

total catch of all anglers or parties in the fishery:

~<
I

M=
I

X . v
e = = mean of angler or party effort:
Y .
My = 4 = mean of angler or party catch;
| N
o7 = I Z (x; — po)? = variance of angler or party effort:
i=1
Oy - . . .
C, = — = coefficient of variation of x:
Ky
I N
) .
oy =y > (vi — wy)? = variance of angler or party catch:
A A )

0
1
- ‘/

= coefficient of variation of v;
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Mz

(i = pIO — By) = P00y = covariance of y and x ;

z|-

. o, . :
B = ?—x,—‘ = p— = slope of the ordinary least-squares (OLS) regression of catch on
Ox %% effort;

8 = wy — B, = intercept of the OLS regression of catch on effort.

When the probability of encountering an angler is proportional to trip length and is
therefore weighted by effort, the population parameters that appear in derivations of
sampling estimators of catch rate are defined as:

X

w; = } = sampling probability of the ith angler or party;
N

Hew = E w; x; = weighted mean of angler or party effort;
N

By = Z w;v; = weighted mean of angler or party catch;

N
o2 = D wil¥; — Ryw)? = weighted variance of angler or party effort;

T _ . .
Cev = == = coefficient of weighted variation of effort;

P‘.f. W

N
ol = zl wil¥; = Myw)? = weighted variance of angler or party catch;
i=

N

i

Caovw = E wil ¥ = Byw)(X — Kyy) = weighted covariance of angler or party
i=1 catch and effort:

I Ty . . .
By = =2 = p ., —= = slope of the weighted least-squares regression of catch on
effort:

<
0,\-', w ’ 0.\', W
8y = Ruw — Bukyw = intercept of the weighted regression of catch on effort.

Catch Rate Parameters and Regression Formulation

The two most common catch rates of interest in angler surveys are

N

z Yi
R, = el = per-day catch rate (the means are implicit. the sample sizes
having canceled out) and

I >
=

2
-

=1 X
Ry = N * = per-angler or per-party catch rate.

Yi

-

We include the formulation for a third parameter, R3. This parameter is not a useful
catch rate parameter, but it is estimated inadvertently and unknowingly in many creel
surveys, as we show in the results section. It is defined as

Ry = Ruw — \eighted per-day catch rate.
g
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Fitted regressions are used to produce estimates of the intercept, 8, which relates to
the sign and magnitude of bias. The ordinary least-squares regression line of catch on
effort, y; = Bx; + 9, relates to the per-day catch rate when sampling is with equal
probability. The weighted (by w;) least-squares regression line y; = B,.x; + 8, relates
to the per-day catch rate when sampling is with probability proportional to trip length.

Catch Rate Estimators
The intuitive formulas for the estimators of R} and R, are

M=

Yi
fgl = , the per-day estimator, and ) (D

I

M=
t

-
[
—

M=
I

i
—

R, = nx , the per-angler estimator. ()
The approximate expected values for these estimators for sampling with equal probability
and with probability proportional to trip length were derived with Taylor series expan-
sions. The derivation of the per-angler estimator (R;) for sampling proportional to trip
length is presented in Appendix 1. Because this derivation shows that R, actually es-
timates R under these conditions, we will now call this estimator R; to indicate the
true parameter that it estimates. Additional properties of R} are shown in Appendix 2.

Variance Formulas

The approximate variance of the per-day estimator (equation 1) for equal probability
sampling is given (Cochran 1977:253) as

N
. 1 R
VIR =R 2 (0= Rip? | -
N

The exact variance of the per-angler estimator for sampling proportional to trip length
(equation 2) is given (Cochran 1977:253) as

N Vi 2

-

VIR)) = ———x—. )]
i=1

The exact variance for the per-angler estimator for equal probability sampling (equation
2) is given as

VIRy) = ————. (&)

Confidence Intervals

To estimate the confidence interval coverage, we simulated the sampling distribution
of the actual r-values for each estimator. Ry, R, and R,. We compared the simulated
t-values with the tabulated (or targeted) values from the Student’s ¢-distribution. For the
per-day estimator R, and equal probability sampling, the simulated r is calculated from
Fieller’s theorem (Cochran 1977:156) as
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y — R1¥ _ _ Sg + R:;'S;?' — 2R;s
= ————"— where SE(¥ — Rj) = ‘ xv
t SEG — RiD) where SE(V — Ri%) \/ . , and where
n
> (i = D0~ )
So = 1 .

n-—1

The confidence interval for R;. based on Ry, is

= tg/zs-w = 5 Soy' : =2 2 s.ir? _2 2 5»2'
it | Bl 7 Rt Bl B il 7 Rl | DRl 2 ey
n n n n

The above confidence interval covers R| only if 7] satisfies —t, 5 < £; < t 0.

For the per-angler estimator R; and sampling proportional to trip length, the simulated
t is calculated as

R, — R, .
tr = ———=—, where SE(R]) = 4!

>~ TSER)) \
The confidence interval for R|. based on R, is R; = r,»SE(R|), and the estimated
probability of coverage of R} based on R, is the empirical proportion of sample ta-values
satisfying :

=t <n<tn

For the per-angler estimator R». the simulated ¢ is calculated as

R‘) - R" a 5‘2/‘
t; = ———=, where SE(R») = =, and where
37 SE(Ry) Ty n
n 2
Vi
n . Pij
P\ —
_ n
Syl = n—1

The confidence interval for R> is R» = I“/ZSE(RZ). and the estimated probability of
coverage of R, is the empirical proportion of R, values satisfying Ry — £,/2SE(R>) <
Ry < Ry + t,2SE(R»), which is the same as the proportion of sample t3-values satisfying
2 <13 < Iy

We see in the computation of ry, ro. and ¢3 that either the numerator or denominator
can be responsible for any asymmetry seen in t-distributions generated through simu-
lation. Hence, it is instructive to rewrite the numerator of the t-values as a function of
the approximately normal random variate and the denominator as a function of the
approximately chi-square (x2) variate. We can then compare these components from our
simulated r-distributions with their associated theoretical curves. Calculations used to
transform numerators and denominators of the simulated r-variates for comparison with
theoretical Student’s t-variates are given in Appendix 3.

Simulation Model

The simulation model was used to investigate the approach of realized a-levels to
targeted a-levels and to determine asymmetry in upper and lower confidence bands. We
obtained data from a 1989 survey of anglers in the Virginia fishery for summer flounder

it i 2 verpamre o cngebpmgne.
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FiGURre |.—Empirical distribution of the number of fish caught per trip by angling parties fishing
for summer flounder in Virginia, 1989. Sample size (V) was 107 parties; std. dev. is standard

deviation.
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FiGURE 2.—Distributions of angling effort among 107 parties that had fished for summer flounder
(Figure 1): (A) all parties: (B) parties successful in catching fish; (C) parties unsuccessful in
catching fish. Successful anglers fished longer than unsuccessful anglers; std. dev. is standard

deviation.
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Paralichthys dentatus (Jones et al. 1990). The 107 parties interviewed had completed
their trips and had fished specifically for summer flounder. The distributions of catch
and effort are plotted in Figures 1 and 2. In this fishery. 10% of the anglers caught 71%
of the fish, which is a typical pattern. For these data, the per-day catch rate Ry was 0.928
fish/h and the per-angler catch rate R> was 0.802 fish/h.

For each simulation, we randomly drew a predetermined number of angling parties
from the empirical population and logged the catch and effort of each. For the two
estimators R and R», the parties in each sample were selected with replacement, which
effectively made the population infinite. For R, the parties in each sample were selected
with replacement and with probability proportional to trip length.

Four levels of sampling intensity were simulated by selecting 10, 30, 60, and 100
parties. This range of coverage allowed us to estimate the necessary sample size at which
targeted and realized a-levels convergsd. These party levels bracketed the anticipated
sampling level (30 parties) at which normality is usually reached even with skewed
distributions (Thompson 1992). For each of these four fishing intensity levels, 10,000
iterations were run. producing 10,000 values of r and mean catch rate.

Results

Correct Choice of Catch Rate

The two sampling schemes (with probability
equal or proportional to trip length) affect the der-
ivations of expected value and the population pa-
rameter actually estimated (Table I). When we use
the per-day catch rate estimator R} and sample with
equal probability, we obtain a biased estimate of
R;. This bias is on the order of 1/n and its sign
depends on the sign of the intercept (3) of the
ordinary least-squares regression line. When we
use R) and sample proportional to trip length. we
obtain a biased estimate of a new parameter that
we call Ry (Table 1). This bias also is on the order
of 1/n and its sign depends on the sign of the
intercept (3,,) of the weighted least-squares re-
gression line. This quantity is ostensibly a catch
rate estimator, but does not estimate either the per-
day (R|) or the per-angler (R») population catch
rates. Indeed, it is a quantity that is not of use to
fishery scientists. When we use the per-angler
catch rate estimator R, and sample with equal
probability, we obtain an unbiased estimate of R».,
as expected. However, when we use the same es-
timator but sample with probability proportional
to trip length, we obtain an unbiased estimate of
the per-day catch rate Ry.

Relationship berween Measures of Catch Rate

The true ratios (R, R>. R3) model difterent re-
lationships in these data (Figure 3). The plots of
¥y = Rix, y = R>x, and v = Rizx show that within
any day, R3 > R| > R>. In Appendix 2 we show
the mathematical relationship between Ry and R;.
Even though R3 can be derived, it is not a usetul
quantity in evaluating recreational fisheries, as al-

ready noted (Table 1). The results show that for
these data. the per-day ratio is intrinsically larger
than the per-angler ratio.

Linear regressions showed that the estimator R,
has negative bias whether sampling probabilities
were equal or proportional to effort (Figure 3).
Both the ordinary least-squares regression (OLS:
¥ = Bx; + 8) used for equal sampling probabilities
and the weighted least-squares regression (WLS:
¥ = By.x; + 8,,) used for unequal probabilities had
negative intercepts. indicating negative bias in the
R\ estimators. These biases arose because zero
catches of summer flounder were common (27%).
a likely sportfishing outcome. When zero catches
occur at lower levels of effort, Ry will underesti-
mate R, for equal probability sampling and R; for
sampling probabilities proportional to effort. In
contrast, regressions of the form y; = Rx; pass
through the origin.

Although we have dealt here with within-day
estimates and do not evaluate seasonal measures
of catch rate. a negative correlation may exist be-
tween total annual sport catch and total annual
sport effort. as is commonly the case in commer-
cial fisheries. In this case the relationships shown
in Figure 3 would also hold for the seasonal ratio
estimators.

Confidence Coverage

Per-day (ratio of means) estimator R; and sam-
pling with equal probabilirv.—For R, and equal
probability sampling, realized a-levels approached
targeted a-levels more slowly than they did with
other estimators (Table 2). Table 2 shows results
for three levels of significance but. for simplicity,
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TasLe 1.—Relationships between the statistical estimators of catch rate. the sampling scheme, and the population
parameters that are estimated. The cells of this table contain the expected values of the estimators R\ and R, under two
sampling schemes. When sampling is done with equal probability, the per-day estimator R, provides a biased estimate
of R;. When sampling is done with probability proportional to angler trip length. R, provides a biased but consistent
estimate of R3. the mean weighted catch divided by the mean weighted effort. However, Rj is not of interest to fishery
scientists because it does not equal either Ry or R>. When sampling is done with equal probability, the per-angler
estimator R, provides an unbiased estimate of R, for the population. When sampling is proportional to trip length, R,
provides an unbiased estimate of the per-day catch rate R for the population.

Sampling with equal probability
and with replacement

Sampling with probability proportional

atch rate estimator LS .
Cacch to trip length and with replacement

n
_.S_:l Yi Estimator R, is an estimate of Estimator R, is an estim’ate of
Per duy, = l;, 3 oc\” 8»\ Crwl
AN Ry + —|— . Ry + —|—
,_‘I X e\ oy Mg \Bega
i-
sn‘ Vi . . . . -
2~ Estimator R> is an estimate of Estimator Ry (now called Ry) is an estimate of
- IR - !
Per angler, Ry = —— R: R

we limit this discussion to the case of targeted «  0.05 for 10 interviews (a = 0.135), for 30 inter-
= 0.05. the traditional level for 95% confidence views (a = 0.106). and for 60 interviews (aa =
coverage. The realized a-level obtained from Ry  0.086). In these cases. the true confidence cover-
simulations was higher than the targeted value of  ages would only be 86.5%. 89.4%, and 91.4%. At
100 interviews. the realized o (0.067) was still not
a5 equal to the targeted value and yielded a confi-
dence coverage of 93.3% rather than the expected
95%.

The r-values (Table 2: Figures 4-7) for this es-
timator were not symmetrical about a mean of 0
as would be the case with Student’s r-distribution.
The rejection arza was concentrated in the left tail.
which contained 87-99% of the total. We saw r-
values smaller than —8 with a sample size of 10
interviews. The left tail remained too large even
with 100 interviews. containing 5.8% of the total
area compared to the expected 2.5%.

Per-angler estimaror Ry and sampling propor-
tional to trip lergth.—For Ry and sampling prob-
ability proportional to trip length, a-levels ap-
o o oy proached normality faster than they did with es-
0 2 4 6 8 10 12 14 16 18 20 timator R|. The results of the simulation for es-

timator R| of the per-day catch rate are shown in
PARTY HOURS Table 2 and Figuf')es 4-7. Realized a-levels ob-
FiGure 3.—Relationships between measures of catch  tajned from simulations were again higher than the

30

25

20

15

CATCH

10

rate R, (total catch/total eftort: the per-day catch rate).
R- (the per-angler catch rate). and Rz (a frequently used,
but inappropriate measure). The values of these mea-
sures for the summer flounder data (dots) are Ry = 0.928.
R. = 0.802, and Rz = 1.0095. Also illustrated are the
ordinary least-squares (OLS: v; = 1.5465x;, — 3.93) and
weighted least-squares (WLS: v, = 1.6406x; — 4.618)
regression lines (v is catch: v is hours of effort). The
intercepts of these regressions show the magnitude of
bias in the per-day estimator Ry when sampling is done
with equal probability (OLS) and when sampling is done
proportional to trip length (WLS).

targeted value of 0.05 for 10 (o = 0.101). 30 («
= 0.079). 60 (« = 0.065), and 100 interviews (o
= 0.062). The corresponding true confidence cov-
erages would only be 89.9%, 92.1%, 93.5%. and
93.8%.

As with the per-day estimator R, the r-values
of Ry were not symmetrical (Table 2; Figures 4-
7). The rejection area was again concentrated in
the left tail, which contained 80-96% of the total.
We saw r-values smaller than —7 with a sample
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TasLE 2.—Comparisons of targeted and realized a probabilities in relation to the simulated number (V) of anglers
interviewed. The targeted values are taken from Student’s s-distribution with N — 1 df. The realized values (expressed
as percentages) are taken from 10,000 simulated t-values as the proportion of r < ~t,/> added to the proportion of 1 >
1.2, Where t,2 is the cut point from the Student ¢-distribution at the targeted «/2. The SEs of Ry. R,. and R, were
calculated by taking the square roots of text equations (3), (4), and (5), respectively. Confidence intervals are denoted
Cls.

Targeted « = 1%; % of Cls: Targeted a = 5%:; % of Cls: Targeted « = 10%: % of Cls:

Estimator Below true Above true Below true Above true Below true Above true
N SE R R R R R R
Per-day estimator Ry: sampling with equal probability and R = R in the confidence bounds
10 0.277 59 0.0 13.3 0.2 18.8 0.7
30 0.160 5.5 0.0 10.3 - 0.3 143 1.3
60 0.113 37 0.1 8.0 0.6 111 1.7
100 0.088 25 0.1 58 09 9.0 2.4
Per-angler estimator R;: sampling proportional to trip length and R = R, in the confidence bounds
10 0.318 4.2 0.1 9.7 0.4 14.2 1.2
30 0.184 29 0.1 7.3 0.6 1.0 2.0
60 0.130 2.0 0.1 56 0.9 8.9 25
100 0.101 1.9 0.1 5.0 1.2 8.0 3.1
Per-angler estimator ﬁzz sampling with equal probability and R = R; in the confidence bounds

10 0.304 3.9 0.0 9.8 0.0 13.6 0.4
30 0.176 33 0.0 6.9 0.4 10.8 1.9
60 0.124 2.1 0.0 5.2 I.1 8.8 25
100 0.096 1.8 0.0 5.2 0.7 0.095 0.03

size of 10 interviews. The left tail remained too
large even with 100 interviews, containing 5.0%
of the area of the distribution instead of the ex-
pected 2.5%.

Per-angler (mean of ratios) estimator R and
sampling with equal probabilirv.—For R-. realized
a-levels again did not approach targeted levels as
expected when the sample size became as large as
30 interviews (Table 2). Relative to a target a of
0.05, realized a-levels obtained from the simula-
tions were high for 10 (a = 0.098). 30 (o = 0.073),
and 60 interviews (o = 0.063). In these cases. the
true confidence coverages would only be 90.0%,
92.7%, and 93.7% rather than the 95% expected.
At 100 interviews, the targeted (« = 0.05) and
realized (¢ = 0.059) values were close.

The t-values again were not symmetrical about
a mean of O (Table 2; Figures 8-11): 88-100% of
the rejection area was concentrated in the left tail
of the empirical t-distribution. With a sample size
of 10 interviews, we saw f-values smaller than — 10
in the left tail (Figure 8). This skewness improved
as sample size increased to 100, but even at this
level the left tail contained 5.2% of the total curve
area rather than the expected 2.5%.

Source of Asvmmetry in Empirical
t-Distributions

Comparisons of the numerators and denomina-
tors for the three estimators showed that the prob-

lem of skewness was caused by the denominators
(Figures 4-11). The distribution of the numerator
for all three estimators was almost identical to that
of the theoretical z-value by the time the sample
size reached 60 (Figures 6. 10). In contrast. the
simulated cumulative frequency distribution of the
denominator was erratic for small sample sizes,
and although it became smoother as sample size
increased. it was still quite far from the theoretical
x* distribution at our largest sample size. The de-
nominator of the per-angler estimator R» (equal
sampling probability) was slightly closer to the
theoretical x2 than the estimators of the daily catch
rate, R} and R;. This explains why the realized a-
values of R> approached the targeted values faster
than they did with the other two estimators. for all
significance levels. Likewise realized a-values ap-
proached targeted values faster with Ry than with
R,.

Discussion

Superficially, calculation of catch rates and their
confidence intervals in recreational fisheries ap-
pears straightforward. However, the choice of cal-
culation method is actually dictated by the objec-
tive of the study and the sampling regime. Creel
surveys are designed to sample anglers either with
equal probability (access point method) or with
probability proportional to trip length (roving
method). The objective of creel surveys is most
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FiGURE 4.—Properties of the distributions of the per-
day catch rate estimators R) and R,. Simulated cumu-
lative frequency distributions are compared with the as-
sociated theoretical distributions of the numerators (2).
denominators (x7). and t-values for samples of 10 in-
terviews,

often to estimate catch and etfort, but occasionally
surveys are used to indicate the quality of anglers’
fishing experiences.

Total catch can be calculated by either of two
estimators. When anglers are sampled with equal
probability for a day’s entire sample, R; is the
sample total catch divided by the sample total ef-
fort, and it estimates the corresponding per-day
catch rate (Ry) for the entire fishery. It can easily
be combined with an independent estimate of ef-
fort to provide an unbiased estimate of total catch.
When anglers are sampled in proportion to their
trip length, Ry becomes an estimator of R3. the
weighted per-day catch rate: Ry is typically larger
than R and leads to an overestimate of catch when
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FIGURE 5.—Properties of the distributions of the per-
day catch rate estimators R} and R,. Simulated cumu-
lative frequency distributions are compared with the as-
sociated theoretical distributions of the numerators (2).
denominators (x*). and ¢-values for samples of 30 in-
terviews,

multiplied by an independent estimate of effort.
When anglers are sampled in proportion to their
trip length, the per-angler estimator R, now called
Ry. becomes unbiased for the fishery’s per-day
catch rate (R)). and it can be multiplied by an
independent estimate of effort to provide a con-
sistent estimate of catch (unbiased for large sample
sizes). Finally, when anglers are sampled with
equal probability, the simple arithmetic mean (R)
of catch rates in the sample is an unbiased esti-
mator of the per-angler catch rate R, in the pop-
ulation; however, although R has the well-known
statistical properties of sample means, it does not
provide a statistically “*consistent™ estimate of to-
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FIGURE 6.—Properties of the distributions of the per-
day catch rate estimators R, and R;. Simulated cumu-
lative frequency distributions are compared with the as-
sociated theoretical distributions of the numerators (2).
denominators (x2). and t-values for samples of 60 in-
terviews.

tal catch when multiplied by an independent es-
timate of effort.

There are trade-offs in using R, and R; to es-
timate total catch. From the simulations. it ap-
peared that Ry is a better estimator than R, with
respect to symmetry and approach to the targeted
a-level. But R has a smaller SE than R, and will
provide more precise estimates. Under ideal con-
ditions (large sample size and coefficient of vari-
ation less than 0.10). both estimators should result
in the same estimate of total catch. However, R,
is rarely used in an access point survey because
total daily catch can usually be estimated by direct
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FIGURE 7.—Properties of the distributions of the per-
day catch rate estimators R, and R,. Simulated cumu-
lative frequency distributions are compared with the as-
sociated theoretical distributions of the numerators (2).
denominators (x°). and r-values for samples of 100 in-
terviews,

expansion, a preterred method that avoids the pit-
falls inherent in the use of a ratio estimator.
Skewness of the catch rate distributions seri-
ously affected the confidence interval coverage of
the catch rate measures R and R». even with sam-
ple sizes of 30 and greater—sample sizes at which
normality is usually anticipated. To estimate true
daily catch rates with approximately 95% confi-
dence. at least 100 anglers must be interviewed.
When we simulated at least 100 angler interviews
and set a target a-level of 0.05, the confidence
bands included the true mean catch rate (R) 95%
of the time. At small sample sizes. the realized
confidence bands were consistently liberal (we ex-
pected a 95% confidence interval, but actually got
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FiGure 8.—Properties of the distribution of the per-
angler catch rate estimator R>. Simulated cumulative fre-
quency distributions are compared with the associated
theoretical distributions of the numerator (2). denomi-
nator (x2). and t-value for samples of 10 interviews.

a 90% interval). However. we have also shown
that the rejection level was not symmetrical and
that the upper confidence limit on R was in error
much more frequently than the lower limit. This
does not affect the width of the confidence bounds,
but it will affect their symmetry. In those cases
when the confidence band does not include R, the
band is more likely to be to the left of R and will
underestimate true catch rate—and therefore lead
to underestimates of total catch.

In conclusion, we presented three procedures to
estimate catch rates: two estimators of the per-day
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FIGURE 9.—Properties of the distribution of the per-
angler catch rate estimator R,. Simulated cumulative fre-
quency distributions are compared with the associated
theoretical distributions of the numerator (), denomi-
nator (x2), and r-value for samples of 30 interviews.

catch rate (R, and R|) and the estimator of the per-
angler catch rate (R>). When catch rate is obtained
from completed-trip interviews of anglers (who
are sampled with equal probability), the estimator
that is used, R\, is the slowest to approach targeted
confidence coverage, but it has the smallest SE
and the catch rate estimate will be closer to the
true catch rate. When catch rate is obtained from
uncompleted-trip interviews (i.e., when a fishing
trip is interrupted during a roving interview and
the probability of sampling that party is propor-
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FiGURE 10.—Properties of the distribution of the per-
angler catch rate estimator R». Simulated cumulative fre-
quency distributions are compared with the associated
theoretical distributions of the numerator (2), denomi-
nator (x2), and ¢-value for samples of 60 interviews.

tional to the trip length), the estimator that is used,
R, not only has a larger SE, but its variance can
be unstable when very short trips with compara-
tively large catches are encountered (see equation
5). To date the problems with this estimator have
not been resolved in the fisheries literature. The
third estimator. R», the statistic that gives the man-
ager information about the characteristics of an-
glers’ success rate, is more robust than the other
two with respect to skewness in the catch rate dis-
tribution, and it approaches the targeted confidence
coverage more quickly than the others.
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FIGURE 11.—Properties of the distribution of the per-
angler catch rate estimator R>. Simulated cumulative fre-
quency distributions are compared with the associated
theoretical distributions of the numerator (2). denomi-
nator (x2), and t-value for samples of 100 interviews.
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Appendix 1: Derivation of the Per-Angler Catch Rate Estimator R, for
Unequal Probability Sampling

Let Y denote total catch and X denote total effort;

i=1 i=1]

Sampling is with replacement and sampling probabllm is proportional to trip length:

weightings (w) are

If X were known, the estimate of the total catch would be given by

-3

_...’_
i=l Wi

:l-—-

which is an unbiased estimator of ¥ (Co;hran 1977:252). Thus. the expected value of ¥ is

Y, or

EY) =

(AL

where E denotes the mathematical expectation operator. By substitution,

. l n yi _ I n \ .l_ n 1 n &
e = E(r-z ,=21 ::) - E(n ,21 (v /\’)) (rz 2 ) (n ,_Zl xi)' (A1.2)

The last expression in parentheses is the per-angler catch rate estimator R>. From equations

(Al.l) and (Al.2), we obtain
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ni-1 X

1 &y
X’E(— > h) =Y.
and it follows that

1 &y . Y
(—Z )=E(R2)=)_(=Rl-

n ;-

For the case of unequal probability sampling, we change the name of this estimator from

R; to Ry to indicate the parameter it really estimates. Thus.

E(R)) = R,.

Appendix 2: Properties of the Per-Day Catch Rate Parameter R,
N N
Again, let Y = E ¥; be total catch and X = Z x; be total fishing effort. The per-day

i=1 i=1

Y
catch rate is defined as R = X When sampling takes place such that selection probabilities

. Y .
are equal among anglers. the mean catch is p, = N the mean effort is p, = N’ and

When sampling takes place such that selection probabll ties are propomondl to trip

length. sample weightings (w) are w; = x;/X: given p, . = S Wikiy By = Z w;v;. Then,

By
P’.\‘.w
For Ry, we can show that the variance and covariance terms can be expressed as

the estimator R, gives a consistent but biased estimate of Rx: =

L _ L& ) ,_ 1 & 2
o1= <3 (- ph o=~ (- ) and
I\ i1
1 N
O = N E (v = )V~ py) = pro,o,y
i=1

The relationship between R| and Rj can be expressed as follows. By definition, coeffi-
cients of variation are
oy

o] oy . .
Cc=— and C,=-— the regression slope is B = p,,
P ’ ey T Oy

It can be shown that
I + pn GGy
Ry =R —————
3 ! 1 + C‘v_»
The difference between R; and R3
i 3 (3
) B) = -
I + Cz pe l + C32

R - Ry =

thus has the same sign and proportional magnitude as the intercept 3 of the OLS regression
of catch on effort.
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Appendix 3: Components of the Simulated ¢-Value

Transformation of empirical variables to t-distributions.—Traditionally, ¢ is distributed
according to a theoretical Student’s t-distribution (noted here as 1) with n — 1 degrees of
freedom, which has the form

tp = ——=—=, (A3.1)
[ X3-1

\/n-l

where z is normally distributed with mean O and variance 1 and X(z,.-l) is independent
of .

Random variates obtained from our simulation models were transformed into t-values
and compared with ty,. by transforming the numerator into a z-distributed variate and the
denominator into a x2-distributed variate, as seen in equation (A3.1). These transformations
also permit us to examine the numerator and denominator separately. The transformations
are obtained by dividing the numerator and denominator by the SD of the numerator:

\.' - Rl\—‘ N
N 2‘1 i = Rix?
or Ry, 1) = ———1=" where V(¥ ~Rig) =& — .
for Ri- i = SE¢ — Ry =& nN
VWY — R©)
5 N v 2
___R[ _ Rl z .\”,‘('—l s R])
—_— i \;
B V VIR .5 =1\l
for Ry, t» = —=L . where V(R)) = —————
or Ky, I2 SE(R]) 1 ~
y———— n X;
VVIR)) F
: 2
(R: - R» i (h ~ R:)-
. \ V(R o\
2 = —————=—_, where V(R>)) = ——4m8 ——
for R 13 = ~SEiRn) (R AN
N V(R))

The simulated r-values can be compared to ty, (with n — 1 degrees of freedom) in
behavior of the transformed numerator and denominator. The numerator should converge
to = for large n (by the central limit theorem). whereas the squared denominator should
conform to a x* random variable. xZ, |,. The exact formulations are given below.

Comparison of t;. ta. and tz with ty, —The numerator of r; becomes

¥ - R¥
VV(F - RO
and the denominator. when squared and multiplied by n — 1, is
SEX(¥ — RY)
n - 2= R

V(¥ = R1©)

which is nominally distributed as xf,,_”.
The numerator of > becomes

R — R
VVR)

and the denominator. when squared and multiplied by n — 1, is

9

7
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i

(n — DSE(R))

V(R)) | ;

which is nominally distributed as x2_;. §

" The numerator of #3 becomes §
noy ;

. LA g, :

R2 - Rz _ n
VVR,  VV(Ry) ;

¢

and the denominator, when squared and multiplied by n — 1, is

SE2(R»)
V(Ry)

(n—-1

which is nominally distributed as x2,_,,.
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